HE value of regional cerebral blood flow (rCBF) assessment during the interictal period to determine the lateralization of the focus in temporal lobe epilepsy (TLE) is limited. Interictal 99m Tc-hexamethylpropyleneamine oxime (HMPAO)-single-photon emission computerized tomography (SPECT) scanning correctly identifies the side of the brain containing the epileptic focus in approximately 50% of cases. 13, 21, 37, 43 Only visual or numerical side-to-side comparison can be obtained using this method, but rCBF measurement by 15 O-butanol positron emission tomography (PET) does not actually improve the specificity of interictal rCBF determination for defining the epileptic focus. In a series of patients who had undergone temporal lobectomy for uncontrolled complex partial seizures, there was no significant difference between the group of patients who became free of seizures and the group in whom seizures persisted, leading to the conclusion that PET should not be used to help select patients for lobectomy. 42 More pronounced hypoperfusion on the side contralateral to the focus has been observed in a few cases: in three of 26, two of 10, and four of 13 patients, respectively, reported in previous studies. 17, 19, 42 Quantification of the cerebral metabolic rate during the interictal period is much more effective than quantification of rCBF for identifying the epileptic focus because rCBF and cerebral metabolic rate are uncoupled, 17,19 but metabolic abnormalities have also been observed outside the focus. 1, 2, 14, 15, 23, 25, 31, 41 The results obtained in various series were similar for all procedures used and are therefore not due purely to differences in technique. However, the mechanisms responsible for such rCBF and metabolic changes during the interictal period are unclear.
O-butanol positron emission tomography (PET) does not actually improve the specificity of interictal rCBF determination for defining the epileptic focus. In a series of patients who had undergone temporal lobectomy for uncontrolled complex partial seizures, there was no significant difference between the group of patients who became free of seizures and the group in whom seizures persisted, leading to the conclusion that PET should not be used to help select patients for lobectomy. 42 More pronounced hypoperfusion on the side contralateral to the focus has been observed in a few cases: in three of 26, two of 10, and four of 13 patients, respectively, reported in previous studies. 17, 19, 42 Quantification of the cerebral metabolic rate during the interictal period is much more effective than quantification of rCBF for identifying the epileptic focus because rCBF and cerebral metabolic rate are uncoupled, 17, 19 but metabolic abnormalities have also been observed outside the focus. 1, 2, 14, 15, 23, 25, 31, 41 The results obtained in various series were similar for all procedures used and are therefore not due purely to differences in technique. However, the mechanisms responsible for such rCBF and metabolic changes during the interictal period are unclear.
The aim of this study was to determine whether rCBF changes measured during the interictal period in the hippocampal structures contralateral to a verified unilateral epileptic focus were correlated with specific patterns in the spatiotemporal organization of the epileptic abnormalities. Bilateral hippocampal blood flow (HBF) was assessed quantitatively by using the stable Xe-enhanced CT (Xe-CT) method and side-to-side comparison of HBF by using HMPAO-SPECT. Results were analyzed as a function of bilateral involvement of the hippocampal struc-tures in interictal spiking and ictal discharges. The area in which ictal discharge begins is defined as the epileptic focus, and this is usually the only information considered in addition to functional brain imaging data, although the epileptic phenomenon also involves the spreading of ictal discharges and the spatial distribution of interictal spikes. Both ictal spreading from a unilateral mesiotemporal focus to the homotopic contralateral structures and bitemporal spiking are often found, even in patients with strictly unilateral temporal lobe seizure onset. 8, 20, 30, 38, 39, 46 
Clinical Material and Methods

Patient Population
We selected 19 cases from a series of patients who were candidates for surgical treatment of TLE that was intractable to drug treatment. These patients fulfilled the following criteria: first, all of them had nonlesional TLE with seizures of unilateral mesiotemporal origin (unifocal amygdala, unifocal hippocampus, or unilateral regional seizures including amygdala and hippocampus). 34 Second, interictal differences in rCBF between the hemispheres had been evaluated using HMPAO-SPECT. Third, HBF had been quantified using Xe-CT. However, the correct configuration of the regions of interest (ROIs) used to assess the HBF was the main difficulty of the Xe-CT procedure. Consequently, to avoid inadequate outlining of the hippocampus, patients with differences in HBF values greater than 10% in the three ROIs were excluded. Fourth, all patients had undergone surgical treatment from which they experienced substantial benefit (Engel's Class I or II). 15 Thus, it was clear that the tissue removed was involved in the epileptic condition and that the contralateral hippocampus was not responsible for the generation of seizures. Fifth, the hippocampal specimens were available for morphometric examination. Magnetic resonance (MR) imaging was performed in paracoronal sections acquired perpendicular to the hippocampi with T 1 -weighted inversion recovery and T 2 weighting. However, hippocampal volume was not calculated.
Hippocampal Blood Flow Quantification by Xe-CT
The principle on which rCBF determination is based was described by Drayer, et al., 12 and the method used here has been extensively described by Bidabé, et al. 5 Imaging were performed at 96 kV and 200 mA with a scanner (Somatoton DRH; Siemens, Erlangen, Germany) using commercially available rCBF software. The patient's head was carefully positioned to prevent rotation, and the paraxial plane including the hippocampal structures in the long axis was identified. In this plane, 12 8-mm-thick CT slices were obtained over a 6-minute period, during which the patient inhaled a 32% Xe/68% O 2 mixture. Three circular ROIs 14 mm in diameter were configured according to the structural anatomy along the anteroposterior (AP) axis to explore the entire hippocampal volume on either side. Other areas such as the lateral temporal region were also explored using larger ROIs. The HBF was the mean value calculated from the HBF values for the three ROIs, provided that the difference was less than 10%. Asymmetry index (AI) values were calculated to compare HBF in the two sides: AI = (HBF1 Ϫ HBF2)/ HBF2 ϫ 100 (1 = epileptic side, 2 = contralateral side). The percentage of HBF decrease was the ratio between the absolute values for the patients and the corresponding normal values reported by Meyer, et al.: 35 57Ϯ10 ml/100 g/minute. This percentage was used only for comparison with the percentage of cell loss and was not considered to be informative per se.
Protocol for HMPAO-SPECT Studies
Injections of 99m
Tc-HMPAO (740-960 MBq) were administered within 30 minutes of preparation to patients who were resting with their eyes closed and ears unplugged in a quiet, dark room. Images were acquired 15 to 30 minutes later by using a dual-head rotating gamma camera (Sopha Medical-DST, Paris, France) with parallelhole high-resolution collimators. The total acquisition angle was 360˚, and there were 64 projections of 45 seconds each, with a 64 ϫ 64 matrix. Transaxial slices were reconstructed by filtered-back projection with a 4.25 filter and no attenuation correction, after reorientation of the axial slices such that they were parallel to the AP axis of the hippocampus. Coronal and sagittal slices were reconstructed from the axial slices. Asymmetry between bilateral homotopic mesiotemporal areas was detected using a semiquantitative procedure based on a color scale.
Stereoelectroencephalographic Recordings
Depth electrodes were implanted under stereotactic guidance in a lateral-to-medial trajectory. The number and position of electrodes depended on the presumed site of discharge onset localization and the structures thought to be involved in spreading the discharge. However, for this study we included only patients in whom probes were inserted into both hippocampi, amygdaloid complexes, and the temporal neocortex. If necessary, other structures such as the posterior and lateral part of the temporal lobes, the frontoorbital region, and the cingulum were explored. Patients were monitored 24 hours per day for 2 to 7 days so that spontaneous seizures could be recorded. A computerized system was used to convert the analog electroencephalography data (96 channels) into digital form and synchronize the video recordings. All displays were controlled by software (Micromed s.r.l., Treviso, Italy).
Any interictal spikes corresponding to the hippocampus contralateral to the primary epileptic focus were noted and three types were identified: +, rare and synchronous; ++, less frequent than those recorded in the primary epileptic hippocampus and always synchronous; +++, almost always as frequent or more frequent than those in the primary epileptic hippocampus and sometimes asynchronous. The time to ictal discharge bilateralization was the time from the onset of discharge to the first ictal discharge from a contralateral structure.
Two groups of patients were defined according to the pattern of ictal discharge: Group 1, in which ictal discharges remained unilateral; and Group 2, in which ictal discharges spread to the contralateral mesiotemporal structures after more than 5 seconds. Patients in whom the time required for seizure propagation to the contralateral hemisphere was less than 5 seconds were excluded. Short interhemispheric propagation times are associated with poor surgical outcome and may indicate the presence of an epileptic focus outside the mesiotemporal region with secondary involvement of both hippocampi or bilateral foci. 30 
Morphometric Analysis
The mesiotemporal structures (amygdaloid complex, hippocampus, and entorhinal cortex) were involved in the resection. The extension of the resection into the neocortex depended on the results of presurgical studies. The hippocampus was removed en bloc, rinsed, fixed in 1% paraformaldehyde for 24 hours at 4˚C, and transferred to 15% sucrose for cryoprotection. Ten-micrometer frozen sections were cut perpendicular to the AP axis of the hippocampus and thaw-mounted onto slides coated with chrome alum gelatin. Every 10th slice was stained using toluidine blue. Morphometric studies were conducted independently by two examiners who used a computerized image analysis system (image software developed by Wayne Rasband; National Institutes of Health, Bethesda, MD). The volumetric cell density (VCD) was defined as the number of cells in a volume of 1 mm 3 . Cells were counted in four squares of an eyepiece grid covering a surface of 10,000 m 3 diffuse CA4, laminated CA4, CA3, CA2, and CA1. Granule cell loss was determined by counting granule cells in a 100-m-wide column over the entire thickness of the stratum granulosum. Indeed, the dispersion of granule cell-associated hippocampal sclerosis affects cell density such that VCD does not actually indicate the extent of granule cell loss. 33 Two hippocampal specimens obtained from nonepileptic patients who underwent temporal lobectomy for glial tumor were used as controls. Cell loss was determined by calculating the ratio between VCD and granule cell numbers in epileptic patients compared with that found in controls.
Statistical Analysis
A two-way analysis of variance was performed for type of seizure (discharge restricted to the side ipsilateral to the focus compared with discharge spreading to the contralateral mesiotemporal structures) and HBF (ipsi-compared with contralateral absolute values), with repeated measures of HBF. Kolmogorov-Smirnov's test was used to compare the percentage of neuron cells lost in Groups 1 and 2. Spearman's rank correlation coefficient was used to investigate the relationship between the percentage of decrease in ipsilateral HBF and in VCD.
Results
Description of the Study Groups
Ictal discharges were unilateral in nine patients (Group 1) and involved the contralateral mesiotemporal structures after a delay of 10 to 60 seconds in 10 patients (Group 2; Table 1 ). No contralateral interictal spikes were recorded in eight of nine patients in Group 1, whereas such spikes were recorded in seven of the 10 patients in Group 2. The onset of the discharge involved the hippocampus alone (seven patients), the hippocampus and the amygdala (11 patients), or the mesiotemporal structures and the temporal neocortex (one patient). There were no difference between the two groups in the pattern of discharge onset, the incidence of the initial precipitating injury, age at onset of epilepsy, age at surgery, and surgical results.
Hippocampal volume was assessed qualitatively by MR imaging, and decreases ipsilateral to the side of the epileptic focus were identified in four of nine patients in Group 1 and in seven of 10 patients in Group 2. Bilateral volume decrease was suspected in one patient in Group 2.
Hippocampal Blood Flow
Seven of nine patients in Group 1 and four of 10 patients in Group 2 had significant AIs with lower HBF values ipsilaterally than contralaterally to the focus. Two of 10 patients in Group 2 had lower HBF values contralaterally than ipsilaterally to the focus ( Table 2 ). The AIs calculated from absolute HBF values obtained by the Xe-CT method and results of SPECT studies were compared. The AIs were slightly higher if there was ipsilateral hypofixation (mean 30.4) than if there was no fixation asymmetry (mean 24.4). In the two patients with significantly lower HBF values on the side contralateral to the focus, there was no fixation asymmetry.
The mean interictal HBF values were analyzed according to the type of seizure (Table 3) . Patients in whom the discharge spread to the contralateral side had similar ipsiand contralateral HBF values, whereas patients with no bilateralization of discharge had significantly lower ipsithan contralateral HBF.
Two-way analysis of variance showed a main effect for HBF (F 
Morphometric Analysis
Neuronal loss, calculated as the percentage decrease in VCD, was slightly higher in Group 2 (51.8 Ϯ 24.57%, mean Ϯ standard deviation [SD]) than in Group 1 (38.88 Ϯ 29.01%), but this difference was not significant according to Kolmogorov-Smirnov's test ( 2 = 2.54, p = 0.55; Table 4 ).
No significant correlation (Spearman's rank test) was found between the percentage of neuronal loss and the percentage of decrease in HBF in the epileptic hippocampus (r = 0.09, p = 0.69).
Discussion
The pattern of interictal hypoperfusion in the hippocampal structures in unilateral mesiotemporal epilepsy was correlated with the distribution of interictal and ictal epileptic discharges. Interictal HBF asymmetry with a significant AI was associated with ictal discharges restricted to the side of the epileptic focus. Bilateral decreases in HBF with no significant AI were correlated with ictal discharge spreading to the contralateral mesiotemporal structures.
These results and those of previous studies demonstrate that these may be rCBF abnormalities in the temporal lobe contralateral to the focus in unilateral TLE. Strict comparison of rCBF absolute values obtained by 15 O-PET and Xe-CT scanning is not possible because the ROIs are not similar and the definition of the epileptic focus is not based on the same criteria. However, the ipsilateral mesiotemporal rCBF absolute values reported by Fink, et al., 17 and Gaillard, et al., 19 (40.9 Ϯ 8.9 and 36.8 Ϯ 6.7 ml/ 100 g/minute, respectively) are higher than those found in our series (32.88 Ϯ 15.53 and 36.7 Ϯ 11.54 ml/100 g/minute for Groups 1 and 2, respectively). In our patient population, the HBF values on the contralateral side were higher or lower than those reported by Fink, et al., 17 and Gaillard, et al., 19 (44.1 Ϯ 9 and 39.58 Ϯ 6.7 ml/100 g/minute, respectively) depending on whether there was ictal bilateralization: 45.88 Ϯ 17.19 without and 36.4 Ϯ 11.27 ml/100 g/minute with bilateralization. These results indicate that there is an actual decrease in HBF on the contralateral side in Group 2 patients. The only previous study using the Xe-CT technique reported a mean mesiotemporal rCBF of 41 ml/100 g/minute on the affected side and 47 ml/100 g/minute on the contralateral side, and significant hypoperfusion was demonstrated in six of 12 patients. 18 Other studies also provide evidence for bilateral abnormalities in unilateral TLE. A decrease in the Nacetylaspartate (NAA) signal on proton MR spectroscopy was observed on both the ipsi-and contralateral sides in 45% of patients with TLE. 11 This decrease was observed * Ages are given in years. Surgical results are given according to Engel's classification. Numbers in parentheses indicate the delay in seconds before discharges were seen in contralateral structures. Abbreviations: ac = amygdaloid complex; HHE = hemiconvulsions, hemiplegia, epilepsy; hp = hippocampus; tnc = temporal neocortex; UK = unknown.
† Organization of the ictal discharges is reported following chronological spreading from the first structure and then → to the secondary structures involved in the discharge. The contralateral structures are written in italics.
‡ Interictal spikes were recorded into the contralateral hippocampus and classified according to their frequency and their degree of independence: + = rare and synchronous; ++ = less frequent than those recorded in the primary epileptic hippocampus and sometimes asynchronous; +++ = almost always as or more frequent than those in primary epileptic hippocampus and sometimes asynchronous; -= absent. * Asymmetry indices are defined as: (HBF ipsilateral -HBF contralateral)/HBF contralateral ϫ 100. If the decrease in HBF was larger in the contralateral than in the ipsilateral hippocampus, AI is preceded by a plus sign. specifically in the hippocampus during mesiotemporal epilepsy. 45 Bilateral abnormalities were observed in one third of patients on [ 11 C]flumazenil PET studies obtained in these patients with unilateral or markedly asymmetrical bilateral hippocampal sclerosis. 27 Bilateral abnormalities have also been observed in experimentally induced epileptic foci. In rats, a former mossy fiber sprouting into the dentate molecular layer has been observed in the hippocampus contralateral to a unilateral kainic acid-induced epileptic focus. 40 A decrease in rCBF has been observed in the bilateral hippocampus of amygdaloid-kindled rats. 29 Autoradiography in which 125 I-Iomazenil is used in hippocampal-kindled rabbits demonstrated a decrease in the number of benzodiazepine receptors in bilateral CA3 regions regarded as propagation sites for seizure discharge, whereas rCBF decreased to a lesser extent. 28 Generally, decreases in rCBF and cerebral metabolic rate in TLE are thought to be strongly correlated with hippocampal cell loss and gliosis. 15 However, in our population there was no correlation between the decrease in HBF and the proportion of cells lost as estimated by VCD studies in which hippocampal specimens were used. These results are consistent with the lack of correlation between hypometabolism and neuronal loss 22 or hippocampal atrophy. 36 A normalization of NAA values in the intact contralateral temporal lobe has been reported in a patient who became seizure free after surgery and in whom a low NAA signal on presurgical proton MR spectroscopy studies of both temporal lobes had been demonstrated. 7 Thus, cell loss is not the single cause and is probably not the key reason for the decrease in rCBF and hypometabolism. 24 In experimentally induced epileptic foci, hypometabolism is associated with low levels of synaptic activity and tonic hyperpolarization of the cells. 6 Thus, functional disturbances in the epileptic area but also in those remote from the epileptic focus may cause hypometabolism. 24 Such functional changes may, in part, account for bilateral decreases in rCBF in unilateral mesiotemporal epilepsy. Seizures cause increases and decreases in the messenger RNA levels for many neuron genes including various neuropeptides. Neuropeptide Y plays a key role in the regulation of neuronal activity by inhibiting Ca ++ currents and regulating transmitter release. 10 The aberrant expression of neuropeptide Y by mossy fibers may be responsible for a reduction in excitability in the principal excitatory pathway of the hippocampus. 9 Unilateral intrahippocampal kainic acid injection leads to ectopic neuropeptide Y immunoreactivity in mossy fibers throughout the contralat- Group 1  1  43  94  100  100  64  90  81  67  2  30  92  100  100  32  100  75  42  3  10  28  0  35  0  44  19  53  4  0  37  0  45  29  76  31  67  5  5  27  0  25  --14  58  6  0  3 7  0  0  0  4  7  0  7  0  10  0  45  0  -11  41  8  54  100  48  -29  100  66  16  9  3 2  4 -54  58  10  33  94  37  --100  70  53  11  59  71  53  -3  91  58  35  12  28  100  48  77  --29  23  13  40  18  30  -61  100  84  0  14  78  100  66  100  40  80  69  37  15  27  100  100  -41  90  62  53  16  41  88  53  -0  7  20  30  17  21  43  30  -0  63  64  51  18  58  100  100  -0  0  8  28  19  0  40 eral hippocampus in rats. 32 Such phenotypic modification of the contralateral dentate granule cells due to spreading out of the discharge protects the contralateral hippocampus against excitotoxic lesions, probably by decreasing synaptic transmission at the mossy fiber terminals. 16 Thus, dynamic changes in bihippocampal network excitability may affect rCBF and cerebral metabolic rate. Henry, et al., 25 suggested that chronic metabolic dysfunction is induced in areas outside the epileptic focus, monosynaptically connected with the region of neuronal loss. This mechanism differs from the concept of diaschisis, which requires only excitatory projections from the primary to the distant hypometabolic area. However, bilateral hippocampal atrophy was detected in 9% of patients with unilateral mesiotemporal epilepsy by calculating the absolute hippocampal volume. 26 Bilateral hippocampal sclerosis is associated with frequent generalized seizures 44 or a history of febrile seizures. 4 In our population, cell loss ipsilateral to the focus tended to be higher in the group with bilateral discharges and cell loss may not have been exclusively unilateral.
Thus, the interictal decrease in rCBF in the hippocampus contralateral to the epileptic focus was associated with the bilateral spreading of the ictal discharge. This pattern may in part account for the low sensitivity of interictal SPECT recordings and does not predict a poor outcome for temporal lobectomy. The origin may be lesional or functional or both and could be determined by assessing changes in contralateral rCBF after surgery. The previously observed normalization of NAA values after the removal of the epileptic focus in the intact hippocampus 7 supports the notion of a functional and reversible mechanism.
